Many reports show that repeated cocaine administration increases dendritic spine density in medium spiny neurons of the nucleus accumbens, but there is less agreement regarding the persistence of these changes. In this review we examine these discrepancies by systematically categorizing papers that measured cocaine-induced changes in accumbal spine density. We compare published reports based on withdrawal time, short versus long duration of cocaine administration, environmental pairing with cocaine, and core/shell subregion specificity. Together, these studies suggest that cocaine exposure induces rapid and dose-dependent increases in spine density in accumbens neurons that may play a role in the maintenance of cocaine use and vulnerability to early relapse, but are not a factor in behavioral changes associated with longer abstinence.
Introduction
For over a decade, numerous studies have reported increases in dendritic spine density in certain brain areas following cocaine exposure, but the data across studies are not always consistent. Most studies examine morphological changes in the medium spiny neurons (MSNs) of the nucleus accumbens given its role as an important hub in neural networks regulating motivated behavior. The dendritic spines on these MSNs receive excitatory glutamatergic input from multiple cortical and subcortical regions, and this information is integrated with dopaminergic input that can be enhanced by drugs of abuse such as cocaine. Robinson and Kolb [1 ] initially reported increases in dendritic spine density on MSNs a few weeks after 20 days of intraperitoneal (ip) cocaine injections. This led investigators to posit that spines may mediate long-lasting behavioral changes such as locomotor sensitization or vulnerability to relapse in cocaine addiction. In contrast to this initial report, not all researchers observe persistent cocaine-induced spines after late withdrawal times [2] [3] [4] [5] [6] . More recent studies also suggest that cocaine-induced spines can form very early after withdrawal from repeated cocaine injections (30 min-4 hours) [7 ,8] , and even form after 6 hours -but not 30 min -after a single acute cocaine injection [4 ,9] Together, these data suggest that while dendritic spines may form rapidly after cocaine exposure, their duration is more variable, possibly reflecting numerous experimental variables including injection dose, rodent species and strain, sex, and age. Study variables also encompass the dendritic segment measured (proximal or distal), method of spine visualization (Golgi stain, green fluorescent protein (GFP)-immunohistochemistry, or diolistic labeling), ip experimenter-administered versus intravenous self-administration, or whether a cocaine challenge dose was administered prior to brain tissue collection. In this brief review, we systematically sorted published findings of cocaine-induced dendritic spines based on four experimental variables to determine whether they would relate to the persistence of dendritic spine changes after cessation of cocaine administration: Firstly, withdrawal time, secondly, days of cocaine administration, thirdly, whether cocaine was given in the animals' home cage or in a behavioral test such as locomotor sensitization or conditioned place preference where drugs become associated with specific environmental contexts, and finally, nucleus accumbens subregion (core or shell). The findings suggest a general time course of spine density changes through withdrawal that primarily reflects differences in cocaine treatment duration and subregional analysis, while other variables may have less impact on the duration of spine changes.
Divergent evidence of cocaine-induced spine density changes with longer withdrawal times Studies using similar methodology and withdrawal times can find either increases [1 ] , no change [6], or even decreases [5] in spine density in nucleus accumbens neurons. To help rectify these discrepancies, we plotted the percentage of published papers that report a significant change in cocaine-induced spine density for up to 
